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Shewanella oneidensis MR-1 is a gram-negative facultative anaerobe capable of utilizing a broad range of
electron acceptors, including several solid substrates. S. oneidensis MR-1 can reduce Mn(IV) and Fe(III) oxides
and can produce current in microbial fuel cells. The mechanisms that are employed by S. oneidensis MR-1 to
execute these processes have not yet been fully elucidated. Several different S. oneidensis MR-1 deletion mutants
were generated and tested for current production and metal oxide reduction. The results showed that a few key
cytochromes play a role in all of the processes but that their degrees of participation in each process are very
different. Overall, these data suggest a very complex picture of electron transfer to solid and soluble substrates

by S. oneidensis MR-1.

The ability of certain bacteria to reduce metal oxides has
been explored in depth over the last 20 years. Microbes capa-
ble of such activity, called dissimilatory metal-reducing bacte-
ria (DMRB), are of great interest to the science and engineer-
ing community due to their roles in various geobiological
phenomena and for possible use in bioremediation and bio-
technology applications. Organisms that have been a focus of
interest in recent years include DMRB in genera such as Clos-
tridium (43), Geobacter (7, 19), Aeromonas (44), Rhodoferax
(11), Desulfobulbus (18), and Shewanella (10, 21). All of these
DMRB have also been shown to produce current in microbial
fuel cell (MFC) systems (6, 27). This study focuses on the
electron transfer mechanisms employed by Shewanella onei-
densis MR-1, a strain that was chosen as a model organism
based on its metabolic versatility (37), its sequenced and an-
notated genome (16), and its genetic accessibility with regard
to both generation and complementation of mutants (15).

MR-1 and other members of the Shewanella genus were
originally studied because of their ability to couple the oxida-
tion of organic compounds and H, to the reduction of man-
ganese and iron oxides (1, 26, 28, 29, 37, 38, 46, 52). The
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mechanisms responsible for metal oxide reduction are not fully
understood, but it is clear that a number of genes are involved
(2,3, 13, 15,17, 32, 35, 40-42, 45, 53). These include the mitrA,
mtrB, mtrC (also known as omcB), omcA, and cymA genes.
mtrA encodes a periplasmic decaheme c-type cytochrome in-
volved in Mn(IV) and Fe(IIl) reduction (2-5, 45). m#rB en-
codes an outer membrane (OM) protein of 679 amino acids
and may play a role in the binding of metals during reduction
(3) and/or may be required for the proper localization and
insertion of OM cytochromes involved in direct electron trans-
fer (35). mtrC and omcA encode OM decaheme c-type cyto-
chromes that have been hypothesized to serve as terminal
Mn(IV) (4, 33, 36, 39, 40) and Fe(III) (4, 15) reductases and to
be involved in electron transfer to electrodes in MFCs (15).
cymA encodes a cytoplasmic membrane-bound, tetraheme c-
type cytochrome that is involved in mediating electron flow
from the cytoplasm to several terminal reductases (including
OM c-type cytochromes) during anaerobic respiration (34, 41,
48).

The cymA and mtr genes described above represent only a
small fraction of the part of the MR-1 genome that may be
involved in energy metabolism. Forty-two possible c-type cyto-
chrome genes have been identified in the MR-1 genome (16,
24, 32), and only a few of these have been characterized. In
addition, some regulatory and protein secretion genes, as well
as hydrogenase and genes associated with type IV pilin pro-
duction, have been implicated in energy metabolism (15, 47,
50, 51). For example, Thompson et al. (50) suggested that the
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fur (ferric uptake regulator) gene product is a global regulator
that positively controls genes involved in electron transport.
Additionally, Wan et al. (51) proposed that omcA is a direct
target of fur modulon activation. Saffarini et al. (47) identified
crp, which encodes the cyclic AMP receptor protein, as a global
regulator of anaerobic respiration, including Fe(III) and
Mn(IV) reduction. An analysis of MR-1’s twin-arginine trans-
location machinery suggests that this system plays a key role in
the secretion of a number of redox proteins to the periplasm,
some of which are either directly or indirectly involved in metal
reduction (14).

The diverse energy metabolism of MR-1 is clearly governed
by a number of elements; however, the evidence thus far only
offers a glimpse into the larger picture of energy metabolism.
Questions still remain as to which gene products are utilized
for electron transfer to solid substrates and whether these gene
products are universally utilized for different types of metal
oxide reduction and electron transfer to MFC electrodes.

The mechanism(s) of electron transfer to solids by MR-1
was investigated using the wild-type (WT) strain and mutants
deficient in c-type cytochromes and protein secretion systems.
The evaluation was based on the ability of each mutant to (i)
produce current in an MFC system (10, 23), (ii) reduce
Mn(IV) oxides, and (iii) reduce solid-phase iron(III) oxides. In
addition, two hydrogenase mutants (carrying 4#yaB:pDS3.1 and
hydA:pDS3.1), three regulatory mutants (carrying fatC:pDS3.1,
fur:;pKNOCK and crp:Tn5), an OM protein mutant (carrying
ompW:pDS3.1), and a quorum-sensing mutant (carrying /uxS:
pDS3.1) were evaluated for current production in an MFC.
These data represent the first identification of gene products
specifically related to current production in strain MR-1 and
strongly suggest that strain MR-1 features multiple pathways
for electron transfer to different substrates.

MATERIALS AND METHODS

MR-1 WT, cytochrome deletion mutants and their complements, protein se-
cretion and regulatory mutants. (i) Culture and growth conditions. A list of the
mutants used in this study is provided in Table 1. The WT, cytochrome mutant,
and protein secretion mutant cultures were grown aerobically in batch culture
using a defined medium containing 18 mM lactate as the sole carbon source, 50
mM PIPES [piperazine-N,N’-bis(2-ethanesulfonic acid], 7.5 mM NaOH, 28 mM
NH,CI, 1.3 mM KCl, 4.3 mM NaH,PO, - H,O, 100 mM NaCl, and 10 ml/liter
each of vitamin solution (20), amino acid solution, and trace mineral stock
solution. The amino acid solution (pH 7.0) contained: 2 g/liter L-glutamic acid, 2
g/liter L-arginine, and 2 g/liter pL-serine. The trace mineral solution (pH 7.0)
contained 7849 pM CeHoNO;, 121.71 uM MgSO, - 7TH,0, 29.58 pM
MnSO, - H,O, 171.12 pM NaCl, 3.60 pM FeSO,-7H,0, 6.80 pM
CaCl, - 2H,0, 4.20 pM CoCl, - 6H,0, 9.54 uM ZnCl,, 0.40 uM CuSO, - 5H,0,
0.21 uM AIK(SO,), - 12H,0, 1.62 pM H;BO3;, 1.03 uM Na,MoO, - 2H,0, 1.01
M NiCl, - 6H,0, and 0.76 uM Na,WO, - 2H,0. Cultures were grown at 30°C
and agitated at rate of 140 rpm until the late stationary phase was achieved.

A different growth strategy was utilized for MR-1 insertional mutants, includ-
ing the hyaB:pDS3.1, hydA:pDS3.1, luxS:pDS3.1, fur:pKNOCK, crp:Tn5, ompW:
pDS3.1, and tatC:pDS3.1 mutants. These mutants (and the WT) were grown
anaerobically using a phosphate-buffered basal media containing lactate (30
mM) as an electron donor, fumarate (60 mM) as an electron acceptor, and 1
glliter yeast extract (pH 7.0) (22). The cells were washed twice in a phosphate
buffer (50 mM PO,, 100 mM NaCl, pH 7.0) and injected into the MFC anode
compartment.

The final optical density at 600 nm of every culture (for each growth method)
was measured and used to calculate an experimental dilution of an optical
density at 600 nm of 0.4. The appropriate volume of cells was then injected into
each experimental setup such that approximately 2 X 10° cells/ml were present
for every evaluation.
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(ii) Mutagenesis. S. oneidensis MR-1 mutants were constructed either by allele
replacement using a two-step homologous recombination method as described
by Marshall et al. (30) and Gorby et al. (15) or by a cre-lox recombination method
described by Marx and Lidstrom (31) (for details, see the supplemental mate-
rial). Additionally, complemented strains of the mtrA, mtrB, mtrC, and omcA
in-frame deletion mutants were constructed using the cloning vector
pBBRIMCS-5. The genes mtrA, mtrB, and mtrC were constitutively expressed
under control of the lacZ promoter, while the expression of omcA was controlled
by its natural promoter.

Mutants deficient in type IV prepilin peptidase (PilD; SO0166) and type IT
secretion system proteins (GspG and GspD) were generated using minikima-
rRB-1 transposon mutagenesis as described by Bouhenni et al. (8) and Beliaev
and Saffarini (3, 15, 47). The ferric uptake regulation mutant, SO1937:pKNOCK
(fur:pKNOCK), was created by integrating the suicide plasmid pKNOCK-K" into
the chromosomal fur locus as described by Thompson et al. (50) and Yost et al.
(53). The cyclic AMP receptor protein insertional mutant, SO0624:Tn5 (crp:
Tn5), was constructed using a Tn5 insertion in crp as described by Saffarini et al.
(47). The suicide plasmid pDS3.1 (30, 51) was used to construct the insertional
mutants  SO2098:pDS3.1  (hyaB:pDS3.1), S03920:pDS3.1  (hydA:pDS3.1),
SO1101:pDS3.1 (luxS:pDS3.1), SO1673:pDS3.1 (ompW:pDS3.1), and SO4204:
pDS3.1 (tatC:pDS3.1).

MFC experiments. Current production was observed using dual-compartment
MFCs of the type shown in Fig. 1. The MFCs were assembled using proton-
exchange membranes (Nafion 424; DuPont) and electrodes constructed from
graphite felt (GF-S6-06; Electrolytica) bonded to platinum wire (0.3 mm; Alfa-
Aesar) (15). The cathode electrodes were electroplated with a platinum catalyst
over the entire surface area to drive the oxygen reduction reaction, while the
anode electrodes were exposed to MR-1 (the catalyst for lactate oxidation). A
sodium-PIPES buffer (100 mM NaCl, 50 mM PIPES, pH 7.0) was used in both
anode and cathode compartments as the diluting solution for bacteria. Each
compartment had a working volume of 25 ml. Anaerobic conditions were main-
tained at the anode by continuously flushing the compartment with sterile fil-
tered N, gas at a rate of 20 ml/min. Aerobic conditions were maintained at the
cathode by continuously flushing the compartment with air at a rate of 40 ml/min.
Each bacterial strain was evaluated in triplicate, and cell voltage (V) was re-
corded every 5 minutes across a 10-Q) resistor (R) by a high-impedance digital
multimeter (model 2700; Keithley Instruments). Baseline cell voltages were
collected under two conditions: (i) buffer only at the anode and (ii) buffer and
bacteria at the anode but no additional lactate. Each baseline voltage was
monitored for 1 hour prior to changing the anodic condition. Lactate (2 mM) was
added to each MFC system after the bacteria were added and a baseline voltage
was observed. Two more lactate additions occurred thereafter, depending on
when the cell voltage dropped to baseline levels (approximately every 24 h).
MFCs were operated in batch after the addition of bacteria (no solution ex-
changes) over a period of 3 days. A lactate concentration of 2 mM was chosen
based on previous experiments demonstrating that a higher concentration of
lactate (i.e., 20 mM) yields higher charge, but the maximum current density
remained the same.

Current (/) was calculated according to I = V/R, and maximum current den-
sities were calculated using the maximum current values that remained constant
for approximately 4 hours (corresponding to each lactate feeding) divided by the
total apparent surface area of the electrode (20 cm?).

Metal oxide reduction experiments. (i) Manganese(IV) oxide. Manganese(I'V)
oxide reduction was investigated using autoclaved, anaerobic 8-manganese oxide
(3MnO,) that was prepared as described by Burdige and Nealson (9). Duplicate
manganese oxide reduction experiments were conducted in anaerobic serum
bottles using 20 mM lactate, 300 pM 3MnO,, sodium-PIPES buffer (described
above), and an appropriate volume of bacterial cell suspension. Experimental
controls were prepared with (i) cells and 8MnO, but without lactate and (ii)
lactate and 8MnO, but without cells. A colorimetric assay with Leucoberbelin
blue (LBB) (25) was used to quantify the amount of Mn(IV) present in each
bottle immediately after inoculation and after 48 hours of exposure to bacteria.
Briefly, a 0.1-ml volume of subsample was added to 0.9 ml of LBB solution and
then incubated for 15 min in the dark. Color changes in the LBB solution were
measured at a fixed wavelength of 690 nm. Mn(IV) concentrations were deter-
mined based on a standard curve generated from known concentrations of
KMnO,. The percentage of Mn(IV) depletion was calculated based on measured
Mn(IV) concentrations after 24 and 48 hours of exposure.

(ii) Solid-phase iron(III) oxide. Solid ferric oxide reduction was investigated
using autoclaved anaerobic hydrous ferric oxide (HFO), prepared according to
the protocol by Cornell and Schwertmann (12). This form of HFO is not stabi-
lized by silica and becomes more crystalline with time; therefore, all strains were
evaluated within a period of 3 days to ensure comparable results between strains.
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TABLE 1. Summary of the evaluated set of MR-1 cytochrome mutants, complements, and selected transport protein mutants
Functional category f(r)all)zg ::;agil;% Gene product deleted (gene) Fli%:l;‘l;e
Energy metabolism: electron SO0479 Octaheme cytochrome c; involved with the sulfur cycle 2
transport SO0610 Ubiquinol-cytochrome ¢ reductase (petC) 3
SO0714 Periplasmic monoheme cytochrome c,; involved in sulfite oxidation 4
SO0716 Periplasmic monoheme cytochrome ¢ (sorB); involved in sulfite 5
oxidation
SO0717 Periplasmic monoheme cytochrome c,; involved in sulfite oxidation 6
SO0845 Diheme cytochrome ¢ (napB); involved in nitrate reduction 7
SO0939 Split-soret diheme cytochrome ¢ 8
SO0970 Fumarate reductase tetraheme cytochrome c (fccA) 9
SO1413 Split tetraheme flavocytochrome ¢ 10
SO1421 Fumarate reductase flavoprotein subunit (ifcA1) 11
SO1427 Periplasmic decaheme cytochrome c, involved in DMSO reduction 12
(dmsC)
SO1659 OmcA-like decaheme cytochrome ¢ 13
SO1776 OM protein precursor (mtrB), involved in metal oxide reduction 14
SO1777 Periplasmic decaheme cytochrome ¢ (mtrA), involved in metal oxide 15
reduction
SO1778/SO1779 Decaheme cytochrome ¢ complex (omcA mtrC), involved in metal 16
oxide reduction
SO1780 OM decaheme cytochrome ¢ (mtrF) 17
SO1782 Periplasmic decaheme cytochrome ¢ (mitrD) 18
SO2098 Quinone-reactive Ni/Fe-hydrogenase, large subunit (hyaB)
S0O2361 Cytochrome ¢ oxidase, cbb; type, subunit III (ccoP) 19
SO2363 Cytochrome ¢ oxidase, cbb; type, subunit II (ccoO) 20
S0O2727 Small tetraheme cytochrome ¢ (cctA4) 21
S0O2930 Cytochrome ¢ with carbohydrate binding domain, involved with the 22
sulfur cycle
SO2931 Cytochrome ¢ lipoprotein, involved with the sulfur cycle 23
S0O3300 Split tetraheme flavocytochrome ¢ 24
SO3420 Monoheme cytochrome ¢ 25
S0O3920 Periplasmic Fe hydrogenase, small subunit (hydA)
SO3980 Cytochrome css, nitrite reductase (n7f4), involved with nitrite 26
reduction
SO4047 SoxA-like diheme ¢, involved with the sulfur cycle 27
S04048 Diheme ¢, 28
SO4142 Monoheme cytochrome ¢ 29
SO4144 Octaheme cytochrome ¢, involved in tetrathionate reduction 30
SO4360 MtrA-like decaheme cytochrome ¢ 31
SO4484 Monoheme cytochrome ¢ (shp) 32
S0O4485 Diheme cytochrome ¢ 33
SO4572 Triheme cytochrome ¢ 34
S0O4591 Tetraheme cytochrome ¢ (cymA), involved in anaerobic respiration 35
(except trimethylamine oxide)
SO4606 Diheme cytochrome ¢ oxidase, subunit II (cyoA4), involved in aerobic 36
respiration
SO4666 Cytochrome ¢ (cytcB) 37
Protein secretion SO0166 General secretion protein (gspG) 38
SO0169 General secretion protein (gspD) 39
SO0414 Type 4 prepilin-like proteins leader peptide processing enzyme 40
(pilD)
Protein transport S0O4204 Secretion-independent periplasmic translocation protein (tatC)
Quorum sensing SO1101 Autoinducer-2 production protein (uxS)
Unknown SO1673 OM protein (ompW), putative
Regulatory: DNA SO1937 Ferric uptake regulation protein (fur)
interactions SO0624 Catabolic gene activator (crp)

“ See Fig. S1 in the supplemental material.

X-ray diffraction spectra showed that the solid-phase iron was a combination of
goethite, hematite, and nanoparticles of HFO, which we refer to as the HFO
mixture (HFOM). Triplicate HFOM reduction experiments were performed in
sterile, anaerobic serum bottles. Each bottle contained 20 mM of HFOM as the

sole electron acceptor, 20 mM of lactate as the sole electron donor, and the
sodium-PIPES buffer (described above). Experimental controls were prepared
with (i) cells and HFOM but without lactate and (ii) lactate and HFOM but
without cells. The production of Fe(II) was monitored using a colorimetric
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FIG. 1. Dual-compartment fuel cell diagram. Bacteria are inocu-

lated into the anode compartment, attach to the graphite felt elec-
trode, and begin transferring electrons. Electrons are conducted
through the anode electrode and across the external circuit to the
cathode electrode. The cathode electrode is graphite felt that has been
electroplated with platinum, the catalyst driving the reduction of oxy-
gen to water. The anode and cathode compartments are physically
separated by a proton-conductive membrane that facilitates the trans-
fer of protons from the anode to the cathode, completing the cell
reaction. The cell voltage (V) is measured across a 10-() resistance (R),
and current is calculated as I = V/R.

ferrozine assay (49). Briefly, a subsample from each bottle was acidified and
added to the ferrozine solution. Color changes in the ferrozine solution were
measured at a fixed wavelength of 562 nm. Fe(II) concentrations were de-
termined based on a standard curve generated from known concentrations of
FeCl,.

Scanning electron microscopy (SEM) sample preparation. Selected MFC
electrodes were removed at the end of the experiment, and subsamples were
fixed and ethanol dehydrated according to the protocol outlined by Gorby et al.

(15).

RESULTS

MFC experiments. The average current densities obtained
for S. oneidensis MR-1 WT and mutants are shown in Fig. 2a
and b. It is apparent from Fig. 2a that only a few of the deletion
mutants were significantly diminished in their abilities to pro-
duce current in an MFC system relative to the WT. Specifi-
cally, the mutants lacking m#rA, mtrB, omcA mtrC, and cymA
generated less than 20% of the current produced by the WT.
For example, the Am#r4 mutant produced 0.35 * 0.05 wA/cm?,
compared to 13.8 = 1.37 pA/cm? (382 * 76.7 wW/m? or 3.03 X
10* + 6.08 X 10° wW/m? given the entire volume of the
nonconductive chamber) produced by the WT. However, the
complemented strains of the mtrA, mtrB, and omcA mtrC
deletion mutants had full recovery or enhanced current-
producing abilities; i.e., the complemented mtr4A and mitrB
mutants produced 13.9 = 4.23 pA/ecm? and 16.9 + 2.27
wA/cm?, respectively. Additionally, a 35% increase in cur-
rent production (relative to the WT) was observed when
the mtrC cytochrome was overexpressed in the WT strain
(21.3 = 5.02 pA/em?) (Fig. 2b).

Several cytochrome deletion mutants also showed higher
current values than the WT strain (at least 20% higher) (Fig.
2a). These are the ASO0714, ASO0716 (AsorB), and ASO0717
(monoheme cytochromes predicted to be involved in sulfite
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oxidation); ASO0845 (diheme c-type cytochrome predicted to
be involved in nitrate reduction, AnapB); ASO1427 (periplas-
mic decaheme c-type cytochrome predicted to be involved in
dimethyl sulfoxide (DMSO) reduction, AdmsC); ASO2930 (c-
type cytochrome with carbohydrate binding domain predicted
to be involved with the sulfur cycle); and ASO3980 (cyto-
chrome reductase predicted to be involved with nitrite reduc-
tion, AnrfA) mutants.

The cytochrome mutants were not the only group deficient
in current production relative to the WT strain (Fig. 2a). The
mutants deficient in type IV prepilin peptidase or type II se-
cretion (ApilD, AgspD, and AgspG mutants) and three other
mutants (fur:pKNOCK, crp:Tn5, and fatC:pDS3.1 mutants)
were all severely limited in current-producing abilities, showing
less than 20% of WT values (data not shown).

A selected number of MFC electrodes were examined by
SEM to evaluate the distribution of cells on the electrode
surfaces after current data were collected. It is apparent from
these images (Fig. 3a to c) that the electrode exposed to the
WT strain featured much greater surface coverage (with intact
cells and what appears to be a developing biofilm) than that
exposed to the ApilD or AomcA AmtrC mutant.

Metal oxide reduction experiments. (i) Manganese(IV) ox-
ide. The average percentages of Mn(IV) oxide reduced by the
MR-1 WT, cytochrome and protein secretion mutants, and
cytochrome-complemented strains were investigated. As with
current production, the AmtrdA, AmtrB, and AcymA mutants
were limited in their ability to reduce Mn(IV) oxide relative to
the WT strain (Fig. 4). For example, results after 24 hours
show no Mn(IV) oxide reduction by the Amitr4 or AmtrB mu-
tant (Fig. 4). However, after 48 hours (data not shown), the
AmtrB mutant reduced 17.3% = 2.39% of the starting concen-
tration of Mn(IV) oxide, while the WT reduced 36.7% =
0.39%. The AgspD, AgspG, and ApilD mutants were also af-
fected in their ability to reduce Mn(IV) oxide, although not as
significantly as the Am#z4 and AmrB mutants. Unlike the re-
sults obtained for current production, the AomcA AmitrC com-
plex mutant was able to reduce Mn(IV) oxides after 24 hours
(29.9% = 0.66%), and then after 48 hours the reduction ex-
ceeded that by the WT (43.8% = 0.30%). Several strains also
exhibited higher Mn(IV) oxide reduction than the WT, includ-
ing all of the cytochrome mutants involved with sulfur redox
reactions (ASO0479, ASO0714, AsorB, ASO0717, ASO2930,
ASO2931, and ASO4047 mutants), nitrate reduction (AnapB
and Anrf4), DMSO reduction (AdmsC mutant), and tetra-
thionate reduction (ASO4144 mutant) and many mutants that
have unknown functions in MR-1’s energy metabolism (AcctA,
ASO3420, ASO4048, ASO4360, Ashp, ASO4485, and AcytcB
mutants). The AmtrA and Am#rB complemented mutants
were able to reduce Mn(IV) oxides as well as the WT.
However, the AomcA AmtrC mutant showed an ability to
reduce Mn(IV) oxide equal to that of the WT regardless of
complementation (data not shown). The deletion of the
omcA and mtrC genes did not appear to have an effect on
Mn(IV) oxide reduction in MR-1.

(ii) Solid-phase Fe(III) oxide. The average concentrations of
Fe(II) resulting from the reduction of HFOM by the MR-1
WT and mutants are shown in Fig. 5. These data show that the
AmitrA, AmtrB, AomcA AmtrC, AcymA, ASO4144, ASO4572 (a
triheme c-type cytochrome), AgspG, AgspD, and ApilD mutants
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FIG. 3. SEM images of graphite anode fibers used during the MFC evaluations of the MR-1 ApilD mutant (a), AomcA AmtrC mutant (b), and

WT (c).

were limited in HFOM reduction relative to the WT. For
example, the AomcA AmtrC mutant produced 68.4 = 5.08 uM
and the WT produced 170 = 32.7 uM of Fe(II) after 24 hours.
Data collected after 48 hours showed a slight increase in Fe(II)
production from the AomcA AmtrC mutant (98.7 = 22.7 puM);
however, this amount was much less than that from the WT
(245 = 12.6 pM).

Other mutants, such as the AnapB (345 * 68.0 pM), AifcA1
(380 = 42.8 uM), AmtrF (368 = 0.00 uM), AmtrD (362 = 22.7
uM), and ASO3420 (492 =+ 25.2 uM) mutants, had even
greater capacity to reduce HFOM than the WT. For example,
the concentration of Fe(II) produced by the AifcA7 and AmirF
mutants was two to three times higher than that produced by
the WT after 24 hours. The AnapB mutant was also enhanced
in its ability to produce current in an MFC but had decreased
Mn(IV)-reducing ability. The AifcA1 mutant is deficient in the
ability to produce a tetraheme c-type flavocytochrome, the
AmitrF mutant lacks the ability to encode an OM decaheme
c-type cytochrome, the AmirD lacks the ability to encode a
periplasmic decaheme c-type cytochrome, and the ASO3420
mutant is deficient in the ability to produce a monoheme
cytochrome c'.

The AmtrA, AmtrB, and AomcA AmitrC complemented
strains had a full recovery of HFOM-reducing ability relative
to the WT strain (data not shown).

DISCUSSION

The results from our investigations do not substantiate a
working hypothesis that MR-1 utilizes the same set of gene
products to transfer electrons to different solid substrates.
From these data it is evident that the electron transport system
in MR-1 is complex, with much functional redundancy. There
are some gene products that participate in electron transfer to
several solid substrates, including MFC electrodes, Mn(IV)
oxides, and solid Fe(III) oxides; however, the overall picture of
how specific gene products participate in electron transfer to
these substrates is not yet clear. For example, the AmtrA,
AmitrB, AomcA AmtrC, AcymA, AgspG, and ApilD mutants
were all limited in their abilities to produce current and reduce
HFOM relative to the WT strain. However, the AomcA AmtrC
mutant was not limited in Mn(IV) oxide reduction, implying
that the AomcA AmtrC genes are perhaps not directly involved
with solid-phase Mn(IV) oxide reduction. The trends in the
solid substrate data (Fig. 2a, 4, and 5) suggesting that the
AomcA AmtrC mutant is not as limited in the ability to transfer
electrons to solids as the AmtrA and Am#rB mutants. This is
especially apparent in the Mn(IV) oxide reduction data, which
show that after 48 hours, the AomcA AmtrC mutant has re-
duced 43.8% = 0.30% of the starting concentration of Mn(IV),
compared to 1.65% = 2.20% for the Amtr4A mutant, 17.3% *
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FIG. 4. Average percentage of Mn(IV) oxide reduced after 24 hours of exposure to MR-1 WT and cytochrome deletion and protein secretion

mutants. Error bars indicate standard deviations.

2.93% for the AmtrB mutant, and 39.1% = 0.57% for the WT
strain.

Additionally, the AomcA AmtrC mutant shows higher con-
centrations of Fe(II) (approximately two times higher) from
the reduction of HFOM after 24 (Fig. 5) and 48 (data not
shown) hours, relative to the Am#r4 and AmtrB mutants. Ad-
ditionally, higher values of current production (approximately
five times higher) were observed for the AomcA AmitrC mutant
relative to the Amtr4A and AmtrB mutants (Fig. 2a) during the
experimental duration. Higher Mn(IV) and Fe(III) reduction
rates of an m#rC mutant, relative to mutants lacking only mtr4
or mtrB, have also been reported by Beliaev et al. (4).

The data presented here suggest that the omcA and mtrC
gene products are not the only OM cytochromes serving as
terminal reductases for Mn(IV) or Fe(III). Furthermore, the
solid metal oxide reduction data taken together with the cur-
rent production data (which demonstrated limitation patterns
similar to those for the m#r and omc mutants) indicate that
MR-1 features more than one pathway for electron transfer to
solids.

The AcymA and AgspD mutants show the same patterns as
the AmtrB and AmtrA; i.e., they are limited in current produc-
tion, HFOM reduction, and Mn(IV) oxide reduction. These
results are in agreement with those of Myers and Myers (34),
who suggested that the cymA cytochrome is a necessary com-
ponent in the electron transport chain that is common to fu-
marate, nitrate, Fe(III), and Mn(IV) oxides.

Interestingly, the two mutants deficient in type II protein
secretion, the AgspD and AgspG mutant, yielded different re-
sults from each other. Relative to the AgspD mutant, the

AgspG mutant showed a limited ability to reduce HFOM and
Mn(IV) oxide and to produce current in an MFC.

Another surprising result revealed by this data set was the
number of cytochrome deletion mutants that were able to
exceed the WT levels of current production and HFOM and
Mn(IV) oxide reduction. There are many possibilities for why
this might occur, including the redirection of electron flow to
an alternate terminal reductase(s) in the occurrence of a
“roadblock” to a desired pathway or reductase. It may also be
the case that the cytochromes themselves are negative regula-
tors of the transcription and/or translation of factors involved
with these processes. Furthermore, an alternative possibility is
that these mutants are enhanced in their abilities to form
biofilms and therefore yield higher current production and
metal oxide reduction rates due to the presence of more bac-
teria at the surface.

The production of current in an MFC is directly linked to
the ability of the bacteria to oxidize a substrate and transfer
electrons resulting from this oxidation to the anode electrode.
The current production results for each evaluated mutant
showed that only 5 cytochrome deletion mutants, out of the 36
tested, were severely limited in current-producing ability rela-
tive to the WT. These five mutants produced less than one-
quarter of the current density demonstrated by the WT and
include the AmtrA, AmtrB, complex AomcA AmtrC, and AcymA
mutants (Fig. 2a). Both type II protein secretion mutants and
the pilD mutant were also severely limited in current produc-
tion, as previously discussed. Figure 3 shows three different
MEFC electrodes that were exposed to (i) the ApilD mutant, (ii)
the AomcA AmitrC mutant, and (iii) the WT for 3 days with
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FIG. 5. Average Fe(II) concentration resulting from solid Fe oxide (HFOM) reduction after 24 hours of exposure to MR-1 WT and cytochrome
deletion and protein secretion mutants. Averages and standard deviations were calculated based on the measured Fe(II) concentrations from

triplicate experiments.

periodic lactate additions. SEM images of the electrodes after
MEFC evaluation showed the ApilD cells looking stressed, and
apparently limited in their ability to successfully colonize the
electrode (Fig. 3a) relative to the MR-1 WT (Fig. 3c). The
AomcA AmitrC mutant was able to form a monolayer of cells on
the electrode surface, and the cells appeared to be in good
condition. These images suggest that two mechanisms may play
a role in current production: (i) the ability to produce certain
OM proteins for electron transport and (ii) the ability to col-
onize the electrode surface. Presently, work is being done to
determine which mechanism contributes most significantly to
these results.

The decrease in current production and Fe(III) oxide reduc-
tion by the deletion mutants could be attributed to a loss of cell
viability; i.e., the mutants are dead and therefore cannot trans-
fer electrons during either process. However, additional exper-
iments (data not presented) showed that the m#r4 mutant
[which is unable to reduce Fe(III) oxide and produce current]
showed no loss in viability as judged by CFU during the 24-h
time course experiment. The results from this experiment also
correlate with the surface attachment ability of MR-1 and its
mutants. For example, the Amz4 mutant [and the other dele-
tion mutants showing limited abilities to reduce Fe(III) oxide
and produce current] may have been unable to facilitate elec-
tron transfer because of an inability to produce OM proteins
that interact with solid substrates. These results further indi-
cate that electron transfer to solid substrates by MR-1 is di-
rectly related to physical interactions between the substrate
surface and cells (or conductive cell appendages) (15).

The regulatory fur:pKNOCK and crp:Tn5 mutants were lim-

ited to below 20% of the current density values obtained for
the MR-1 WT. These genes were previously implicated as
influencing the regulation of metal oxide reduction and are
here implicated as contributors to current production. The
tatC:pDS3.1 mutant was also limited in current-producing abil-
ities.

Notably, a putative OM protein, ASO1673 (ompW:pDS3.1),
was also moderately affected in current density, showing only
about 60% of the WT current density values.

As a whole, this is the first set of current densities ob-
tained from MFCs that can be directly related via specific
mutants to microbial physiology. Additionally, this is the
first data set associating specific MR-1 gene products with
current production in an MFC. Data from these MR-1 mu-
tant evaluations also indicate that the gene products asso-
ciated with current production are not necessarily identical
with those involved in Mn(IV) and Fe(III) oxide reduction.
Instead, these data suggest that several different pathways,
and perhaps mechanisms, may be employed for current pro-
duction and metal oxide reduction. Ultimately, the different
patterns of metal oxide reduction and current production
indicate a very complicated picture of electron flow via
MR-1 cytochromes.
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